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The design stud ies re lated to a prompt g-rays  in vivo neu tron ac ti va tion anal y sis fa cil ity 
are de  scribed. The de  signs were based on two neu  tron sources: 252Cf and 241Am-Be,
four  collimator  ma te ri als:  poly eth yl ene,  5%  bo ric-acid  doped  poly eth yl ene,  graph ite,
and the heavy wa  ter, two collimator shapes: py  ram  i  dal and rect  an  gu  lar, and two con  -
fig  u  ra  tions: uni  lat  eral and bi  lat  eral. The aim of this work was im  prov  ing the uni  for  -
mity of the gamma pro  duc  tion rate dis  tri  bu  tion with depth in a large bi  o  log  i  cal sam  -
ple. For the sam  ple, a wa  ter phan  tom mea  sur  ing 32 cm ´ 16 cm ´ 100 cm was
sim u lated. The sim u la tions were per formed by MCNPX 2.4.0 Monte Carlo code. This 
study rec om mends  the  prompt  g-rays  IVNAA  fa cil ity  in  the  bi lat eral  con fig u ra tion
with graph  ite as a collimator ma  te  rial and 241Am-Be as neu  tron source.
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IN TRO DUC TION
In vivo neu tron ac ti va tion anal y sis (IVNAA) has 
be  come the “gold stan  dard” method for the mea  sure  -
ment of cer  tain body el  e  ments which are unique con  -
stit u ents of body com po nents, e.  g. ni  tro  gen in pro tein
and cal cium in the skel e ton [1-7]. IVNAA has been ap -
plied and con  tin  ues to be ap  plied as an ap  pro  pri  ate
method in the mea  sure  ment of trace body el  e  ments or
toxic  in gested  el e ments  in  in di vid u als  with  si mul ta -
neous (prompt) or de layed count ing [8-11]. One of the
most  ef fec tive  pa ram e ters  on  the  mea sure ment  ac cu -
racy is the uni  for  mity of the gamma pro  duc  tion rate
dis  tri  bu  tion with depth, es  pe  cially for large sam  ples
such as hu  man body [12-15]. The uni  for  mity is the
most sig nif i cant fac tor of mea sure ment ac cu racy when 
whole body count ing is per formed. The ac ti va tion rate
de pends dom i nantly to the ther mal neu tron flux. Ther -
mal neu  trons are made from mod  er  at  ing the fast neu  -
trons, emit  ted from the source, dur  ing col  li  sions with
the collimator ma  te  rial and body el  e  ments. The mod  -
er at ing  is  prin ci pally  per formed  by  elas tic  scat ter ing
from hy  dro  gen at  oms. Thermalisation and cap  ture of
neu  trons in the body in  duces the prompt g-rays which
would be de tected. If the neu tron cap ture rate is greater 
than the thermalisation rate, the ther  mal neu  tron flux
de  creases with the depth of the body, while the ac  ti va  -
tion rate and sub  se  quent ther  mal neu  tron flux should
be as uni form as pos si ble. From this view, in ci dent fast
neu trons  are  nec es sary  for  large  bi o log i cal  sam ples.
But such fast beams usu  ally cause high doses in the
body and could be, con  se  quently, un  us  able.
In the pre  sented work, a prompt g-rays  IVNAA
fa cil ity  was sim  u  lated by MCNPX 2.4.0 [16] Monte
Carlo code. The scope of the work was to find a fa cil ity 
con fig u ra tion  which  im proves  the  uni for mity.  To
study the ef fects of neu tron source type and collimator
ma te rial and shape on the uni for mity of ac ti va tion rate, 
24  dif fer ent  con fig u ra tions  were  in ves ti gated.
MA TE RI ALS  AND  METH ODS
To im prove the uni for mity of the ac ti va tion rate in 
a  given  sam ple,  the  ap pro pri ate  in ci dent  neu tron  spec -
trum should be ob  tained. The in  ci  dent neu  tron spec  -
trum de  pends on the source type, collimator shape and
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ters, the dose cal  cu  la  tions were per  formed for two fast
neu tron  sources:  252Cf and 241Am-Be and for four
collimator  ma te ri als:  poly eth yl ene  (CH2), 5% bo  -
ric-acid doped poly eth yl ene (CH2-B), graph ite (C), and
the heavy wa  ter (D2O). The pro  duc  tion rate of neu  -
tron-in  duced pho  tons (num  bers per cm3s) and ther  mal
(E < 0.5 eV), epi ther mal (0.5 eV < E < 10 keV), and fast
neu tron  (E > 10 keV) fluxes was also com  puted as a
func tion of depth in that part of the phan tom which was
ex posed to the neu  tron source. Neu  tron fluxes were es  -
ti  mated per one source neu  tron. Two shapes of
collimator were con sid ered: py ram i dal and rect an gu lar.
Fa cil ity  de scrip tion
The sche  matic di  a  gram of the prompt g-rays
IVNAA facility is shown in fig. 1. The collimator is the
in verted, rect an gu lar py ram i dal void cast in the 40 × 40 ×
60 cm3 block which in cludes the collimator ma te rial. The 
neu tron source is po si tioned at the apex of the 45 cm deep 
in  verted pyr  a  mid. The collimator makes a 40 × 20 cm2
ap er ture at the level of the bed. The alu mi num bed is cen -
trally placed 50 cm above the source. A wa  ter phan  tom
mea sur ing of 32 × 16 × 100 cm3 is placed cen trally on the
scan  ning bed. Two pairs of NaI(Tl) de  tec  tors are po  si  -
tioned bi  lat  er  ally to the phan  tom. Since the neu  tron
source is hor  i  zon  tally placed be  tween two pairs of
NaI(Tl) de tec tors, there is no ver ti cal cross-sec tion of the
fa cil ity which con tains the source and the de tec tor si mul -
ta  neously. So, the neu  tron source is shown at the apex of
the py  ram  i  dal collimator void hole des  ig  nated with the
dot ted  lines.
An other shape of collimator stud ied in this work
was com  posed of or  thogo  nal parallelepiped void cast
of 40 × 20 cm
2 cross sec tional area. The bor  ders of the
rect  an  gu  lar collimator void hole are rep  re  sented with
the dashed lines in fig 1. The neu tron source po si tion is 
fixed for both collimator shapes.
Monte  Carlo  sim u la tions
MCNPX 2.4.0 code was used to sim  u  late the
IVNAA setup and es  ti  mate the dose and neu  tron
fluxes. MCNP codes are gen  eral pur  pose, con  tin  u  ous
en ergy,  gen er al ized  ge om e try,  cou pled  neu tron/pho -
ton/elec  tron, and time-de  pend  ent Monte Carlo trans  -
port codes. The cross-sec  tions used in this pro  ject
were cho  sen from the ENDF/B-VI li  brar  ies. Also, for
neu  trons be  low 4 eV, S(a,  b) the scat ter ing  treat ment
was ap  plied (MTm card).
The neu  tron en  ergy spec  trum of 252Cf was as  -
sumed to be of a Watt dis  tri bu tion with the pa ram e  ters
a = 1.025 and b = 2.926 [16]. The 252Cf prompt g-rays
spec trum  was  sim u lated,  cor re spond ing  to  the  re port
Val  en  tine [17]. The neu  tron en  ergy spec  trum of
241Am-Be source was cho  sen from the IAEA re  port
403 [18]. The 4.43 MeV prompt g-rays  from 12C* were 
also  con sid ered.
The spe cific ab sorbed dose rate and spe cific am -
bi ent dose-equiv a lent rate were es ti mated for neu trons 
and pho  tons by kerma as  sump  tion. In kerma ap  prox  i  -
ma tion only the neu tron and the neu tron-in duced pho -
ton trans  port is con  sid  ered and the sec  ond  ary charged
par  ti  cles are ig  nored (mode np). F6 tally (track length
cell en ergy de po si tion tally) was em ployed for neu tron 
and pho ton spe cific ab sorbed dose rate (pGy/h Bq) es -
ti ma tions.  The  spe cific  am bi ent  dose-equiv a lent  rate
(pSv/h Bq) was cal cu  lated us ing F4 tally (track length
es  ti  mate of cell flux tally) mod  i  fied by DE4 and DF4
cards (dose en  ergy and dose func  tion) ac  cord  ing to
con  ver  sion fac  tors of ICRP74 [19].
The neu  trons flux (1/cm2s) and the pro  duc  tion
rate of neu  tron-in  duced pho  tons (1/cm3s) were as  -
sessed by the use of F4 neu tron tally along with the E4
and  ap pro pri ate  FM4  mul ti plier  cards,  re spec tively.
RE SULTS  AND  DIS CUS SION
The main point in IVNAA method, es  pe  cially
for to tal body scan ning, is the uni for mity of the sam ple 
ac ti va tion in the re gion of in ter est. So, the main aim of
this work is the study on the uni for mity in dif fer ent set -
ups. The data were com  pared on the ba  sis of U in  dex
which was de  fined as the ra  tio of root mean square
(rms) to the arith  me  tic mean of the es  ti  mated
depth-dis tri bu tion  of  gamma  pro duc tion  rate  (ac ti va -
tion rate):
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Fig  ure 1. Sche  matic di  a  gram of the prompt g-rays
IVNAA fa  cil  ity. The dot  ted lines show the py  ram  i  dal
collimator void hole. The neu  tron source is placed at the
apex, cen  trally un  der the phan  tom. The bor  ders of the
rect  an  gu  lar collimator void hole are rep  re  sented with
the dashed linesx x
U
x
x x
x
x
rms
rms
2 2 2
2
1
= +
= +æ
è
ç
ö
ø
÷
s
s
where xrms, x,  and sx are the rms, arith me tic mean, and
the  stan dard  de vi a tion  of  the  depth-dis tri bu tion  of
gamma pro  duc  tion rate in the phan  tom, re  spec  tively.
If the de  sir  able uni  for  mity is ob  tained, then the
dose data would be in ves ti gated. Ta bles 1 and 2 list the
re  sults of all uni  lat  eral set  ups for 252Cf and 241Am-Be
neu tron sources, re spec tively. The neu tron and gamma 
spe cific  am bi ent  (Hn and Hg) and ab  sorbed (Dn and
Dg) dose rates to  gether with the uni  for  mity and ther  -
mal neu tron flux in the ex posed re gion of the phan tom
are re  corded. For more in  for  ma  tion, the max  i  mum to
min  i  mum ra  tio of gamma pro  duc  tion rate val  ues is
listed as R in the uni for mity col umn. In each ta ble, two
collimator shapes and four collimator ma  te  ri  als are
con sid ered.
The pre lim i nary cal cu la tions showed that by de -
creas ing the collimator length from 45 cm, the ther mal
flux in  creased but the gamma pro  duc  tion rate uni  for  -
mity de  creased. More over, the ther mal neu tron flux to
dose ra tio was not sig nif i cantly changed. So, the 45 cm 
depth is con  sid  ered for all collimator shapes and con  -
fig u ra tions.
All re  sults in this work were es  ti  mated with the
un  cer  tain  ties less than 1%; there  fore, the data er  rors
are not shown in the ta  bles and fig  ures. These un  cer  -
tain  ties are based on 150 mil  lion par  ti  cles.
252Cf and 
241Am-Be neu  tron sources
Fig  ure 2 de  picts the gamma pro  duc  tion rate ver  -
sus the depth of the sam  ple in the small cells cen  tered
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Ta  ble 1. Ef  fect of collimator ma  te  rial and shape in uni  lat  eral con  fig  u  ra  tion for 
241Am-Be source
Collimator
shape
Collimator
material
Uniformity
Specific absorbed
dose rate
[pGyh–1Bq–1]
Specific ambient
dose equivalent rate
[pSvh–1Bq–1]
Fth ×10–5
[cm–2s–1]
Fth
T H
×10
6 –
[cm–2s–1/pSvh–1Bq–1]
U R Dn Dg Hn Hg
Pyramidal
CH2-B
CH2
C
D2O
1.10
1.14
1.18
1.27
9.32
12.67
18.47
28.85
2.68
2.67
3.61
2.88
1.06
1.43
1.75
1.82
30.60
30.97
45.22
35.93
1.11
1.50
1.82
1.90
4.15
5.31
11.04
11.43
1.31
1.63
2.35
3.02
Rectangular
CH2-B
CH2
C
D2O
1.17
1.24
1.19
1.28
9.82
15.39
12.07
19.64
2.62
2.61
3.66
2.82
1.40
1.88
2.02
2.07
32.06
32.60
48.28
37.25
1.48
1.96
2.11
2.16
7.39
8.97
13.61
13.54
2.20
2.60
2.70
3.44
Ta  ble 2. Ef  fect of collimator ma  te  rial and shape in uni  lat  eral con  fig  u  ra  tion for 
252Cf source
Collimator
shape
Collimator
material
Uniformity
Specific absorbed
dose rate
[pGyh–1Bq–1]
Specific ambient
dose equivalent rate
[pSvh–1Bq–1]
Fth ×10–5
[cm–2s–1]
Fth
T H
×10
6 –
[cm–2s–1/pSvh–1Bq–1]
U R Dn Dg Hn Hg
Pyramidal
CH2-B
CH2
C
D2O
1.12
1.17
1.21
1.29
12.47
17.17
24.15
36.46
1.69
1.68
2.29
1.78
0.92
1.34
1.65
1.75
23.60
24.03
35.54
28.17
1.04
1.47
1.78
1.89
4.66
6.00
12.45
12.51
1.89
2.35
3.34
4.16
Rectangular
CH2-B
CH2
C
D2O
1.21
1.29
1.23
1.32
14.00
21.85
17.36
26.27
1.59
1.58
2.37
1.72
1.39
1.95
2.10
2.15
24.15
24.89
38.79
29.11
1.56
2.13
2.29
2.34
8.40
10.37
16.03
15.51
3.27
3.84
3.90
4.93
Fig  ure 2. Gamma pro  duc  tion rate vs. the depth of
the sam  ple for graph  ite ma  te  rial in the uni  lat  eral
con fig u ra tionabove the source. The curves plot  ted in this fig  ure in  -
clude the ac  ti  va  tion rate for two neu  tron sources and
two collimator shapes. The collimator ma  te  rial is
graph  ite. As can be seen, 241Am-Be shows the better
uni for mity  than  252Cf for both collimator shapes. Ta  -
bles 1 and 2 also in di cate that 241Am-Be source has the
ad van tage  of  better  ac ti va tion  rate  uni for mity  in  com -
par i son  with  252Cf source for other collimator ma  te  ri  -
als. How ever, ther mal neu tron flux and then ac ti va tion 
rates in all sit  u  a  tions are higher for 252Cf. Be  sides, the
am  bi  ent and ab  sorbed doses re  ceived by the phan  tom
for 241Am-Be are greater than for 252Cf source.
Neu  trons which are emit  ted from 241Am-Be
have higher en  ergy than those of 252Cf. These high
neu trons guar an tee the ac ti va tion rate uni for mity upto
8 cm depth. On the other hand, the sig  nif  i  cant part of
the neu tron ab sorbed dose is pro duced by the fast ones. 
Ta  ble 3 lists the nor  mal  ized neu  tron fluxes (NNF) in
ex  posed re  gion of phan  tom for the four ICRP en  ergy
ranges: 0-0.01 MeV, 0.01-0.1 MeV, 0.1-2 MeV, and
2-20 MeV. Also, the nor  mal  ized neu  tron ab  sorbed
doses (NAD) from these neu  trons are re  corded for
four set  ups in fig. 2. Ev  i  dently, from this ta  ble, more
than 96% of the neu  tron ab  sorbed dose is due to fast
neu  trons (0.1-20 MeV) with less than 18% of neu  tron
pop  u  la  tion, for all cases. The con  ver  sion fac  tors for
the am  bi  ent dose equiv  a  lent are greater for fast neu  -
trons than for low en  ergy neu  trons. There  fore, fast
neu  trons are more ef  fec  tive for the am  bi  ent dose
equiv a lent  (which  dom i nantly  re sulted  more from
neu trons  than  from pho  tons) in com  par  i  son with the
ab sorbed  dose.
In other words, for the choice of the in ci dent rel -
a tive fast neu  tron flux, the com pro mise should be per -
formed be  tween the uni  for  mity and the neu  tron dose.
Nev er the less,  due  to  the  im por tance  of  ac ti va tion  uni -
for  mity with depth, 241Am-Be source was cho  sen for
the next setup de signs in this study. An other ad van tage 
of 241Am-Be neu tron source is the long half-life of 342
years in com  par  i  son with 2.65 years of 252Cf.
Collimator  ma te rial
The collimator ma  te  rial is very ef  fec  tive on the
in ci dent neu tron spec trum. It is ob served from tabs. 1
and 2 that for both neu  tron sources and both py  ram  i  -
dal and rect  an  gu  lar collimator shapes the ac  ti  va  tion
rate is more uni  form when bo  rated-poly  eth  yl  ene is
the  collimator  ma te rial.  Poly eth yl ene,  graph ite  and
heavy wa  ter are the next se  lec  tions in the py  ram  i  dal
shape. But for the rect an gu lar con fig u ra tion, graph ite 
shows better uni  for  mity than poly  eth  yl  ene. This is
dif fer ent from the re port of Stamatelatos et al. [15] in
which the graph  ite is the best choice. It prob  a  bly de  -
pends on the sam  ple size. In large sam  ples, such as
the phan tom stud ied in this work, the ther mal neu tron 
flux and there  upon ac  ti  va  tion rate are sharply re  -
duced, so that their val ues are nearly the same in deep
re  gions for all sit  u  a  tions and in  de  pend  ent of the in  ci  -
dent flux (see, for ex  am  ple, fig. 2). There  fore, in  -
creas  ing the in  ci  dent ther  mal neu  ron flux in  creases
the dis  tance be  tween ther  mal fluxes at the shal  low
and deep zones and so de  creases the uni  for  mity with
depth, while the ther  mal neu  tron flux in  deed in  -
creased with in  creas  ing the in  ci  dent ther  mal flux
upto 7-8 cm depth (small sam  ples).
Al though bo rated-poly eth yl ene makes the ac ti va -
tion rate curve more uni  form in com  par  i  son with other
ma te ri als, uni for mity is not ac cept able yet. Par tic u larly,
R val  ues show that the ac  ti  va  tion rates in shal  low and
deep re  gions dif  fer for the or  der of about 10.
Collimator  shape:  py ram i dal  and
rect an gu lar
The ef fect of the collimator shape is in ves ti gated
in py  ram  i  dal and rect  an  gu  lar forms. The shape of
collimator  is  ef fec tive  on  the  es ti mated  pa ram e ter  in
the phan  tom.
Ta  bles 1 and 2 com  pare the rect  an  gu  lar and py  -
ram i dal  forms  in  the  uni lat eral  con fig u ra tion.  For  two
neu tron sources and two ma te ri als, bo rated-poly eth yl -
ene and poly eth yl ene, the switch from the py ram i dal to 
rect an gu lar  con fig u ra tion  wors ens  U and R val  ues. U
val  ues have the same man  ner to  ward graph  ite and
heavy wa  ter, but slower. For R data this pro  cess is in  -
verted.
Ther mal neu tron flux is in creased when the rect -
an  gu  lar shape is se  lected, for all cases. This sit  u  a  tion
could be due to the emit  ted neu  trons which do not
reach the collimator ap er ture di rectly. In the case of the 
rect  an  gu  lar shape, the collimator ma  te  rial can mod  er  -
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Ta  ble 3. Nor  mal  ized neu  tron ab  sorbed dose and rel  a  tive num  ber of neu  trons in ex  posed re  gion of phan  tom for graph  ite
collimator  ma te rial  and  uni lat eral  configuration
Interval
[MeV]
241Am-Be
Pyramidal
241Am-Be
Rectangular
252Cf
Pyramidal
252Cf
Rectangular
NAD NNF NAD NNF NAD NNF NAD NNF
0-0.01
0.01-0.1
0.1-2
2-20
0.003
0.017
0.302
0.679
0.790
0.029
0.089
0.091
0.003
0.018
0.337
0.642
0.811
0.028
0.086
0.076
0.005
0.029
0.509
0.458
0.839
0.030
0.091
0.040
0.006
0.032
0.538
0.424
0.858
0.028
0.082
0.032ate such neu  trons and also re  flect them to  ward the
body, while there is a small prob  a  bil  ity that these neu -
trons can es  cape from the collimator ma  te  rial if the
collimator shape is py  ram  i  dal.
The neu  tron and gamma spe  cific am  bi  ent dose
equiv  a  lent rates and gamma ab  sorbed doses are
greater for the rect an gu lar than py ram i dal shape, while 
neu tron spe cific ab sorbed dose rates, ex cept for graph -
ite, are higher for the py  ram  i  dal shape. In spite of the
am bi ent  dose  equiv a lent  in cre ment,  ther mal  neu tron
flux to to  tal am  bi  ent dose equiv  a  lent ra  tios increase
dur ing the con ver sion from the py ram i dal to rect an gu -
lar form.
Up to now, for the uni  lat  eral con  fig  u  ra  tion, bo  -
rated-poly eth yl ene  in  py ram i dal  collimator  has  the
best ac ti va tion rate uni for mity with U = 1.1. How ever,
it is not suf fi cient for the pre cise IVNAA ex per i ments.
Uni lat eral  or  bi lat eral  con fig u ra tion
Fig  ure 2 rep  re  sents an  other point: the gamma
pro  duc  tion rate de  creases to about half of its pre  lim  i  -
nary value (1 cm depth) ex  actly in the mid  dle of the
sam  ple. Then, at the end (16 cm depth), the gamma
pro  duc  tion rate is less than 10% of the pre  lim  i  nary
value. This de cline pro cess in ducts the use of the bi lat -
eral schema, be  cause the out  come is very uni  form if
the curve of the gamma pro  duc  tion rate vs. depth adds
to its in  verse (us  ing the same setup at the other side).
How ever, the con di tions of the su per po si tion prin ci pal 
are not com  pletely es  tab  lished in this dis  cus  sion.
The new MCNP runs were per  formed for the bi  -
lat eral  con fig u ra tion  and  two  241Am-Be neu  tron
sources. These re sults are listed in tab. 4, in the for mat
of tabs. 1 and 2. Four collimator ma  te  ri  als and two
shapes are in ves ti  gated. To com  pare the data in tabs. 1
and 4 just upon fa cil ity con fig u ra tion (uni lat eral/bi lat -
eral), the es  ti  ma  tions are per  formed for one neu  tron
emit  ted per sec  ond from both sources. The re  sults can
be sum  ma  rized as fol  lows:
– the py  ram  i  dal shape pres  ents more uni  form ac  ti  -
va tion  rate  dis tri bu tion  with  depth,
– bo rated  poly eth yl ene  shows  the  better  uni for mity
of the ac  ti  va  tion rate, fol  lowed by graph  ite, poly  -
eth yl ene, and heavy wa ter. How ever, there is a lit tle
ad van tage  of  bo rated  poly eth yl ene  over  graph ite,
– for  R data, graph  ite has smaller val  ues com  pared
with  bo rated  poly eth yl ene,
– the neu  tron dose data are the same as uni  lat  eral
cases (the sim  i  lar sit  u  a  tions in tabs. 1 and 4). This
is rea  son  able be  cause fast neu  tron flux which has
a dom i nant role in neu tron doses is ap prox i mately
the same for two con  fig  u  ra  tions,
– similar to tabs. 1 and 2, gamma ab sorbed doses are
of the or  der of the neu  tron ab  sorbed doses in all
cases, while the am  bi  ent dose equiv  a  lents come
from neu  trons more sig  nif  i  cantly than from pho  -
tons,
– the  rect an gu lar  con fig u ra tion  pres ents  greater
ther  mal neu  tron flux and dose data. The ther  mal
neu  tron flux to spe  cific am  bi  ent dose equiv  a  lent
rate ra  tio is higher in the rect  an  gu  lar shape be  -
cause the ther mal neu tron flux in creases more rap -
idly than the spe cific am bi ent dose equiv a lent rate
through switch  ing from the py  ram  i  dal to rect  an  -
gu lar  con fig u ra tion,  and
– though, the spe  cific am  bi  ent dose equiv  a  lent rate
is higher for graph  ite, ther  mal neu  tron flux to the
spe  cific am  bi  ent dose equiv  a  lent rate ra  tio is the
big  gest one af  ter heavy wa  ter data. It is due to the
great ther  mal neu  tron flux when graph  ite is a
collimator ma  te  rial. Ther  mal neu  tron flux is
greater for graph  ite than bo  rated poly  eth  yl  ene by
the fac  tor of 2 in both py  ram  i  dal and rect  an  gu  lar
forms. These data for ther  mal neu  tron flux to the
spe cific  am bi ent  dose  equiv a lent  rate  ra tio  are
about 1.4 and 1.2 for the py  ram  i  dal and rect  an  gu  -
lar forms, re  spec  tively.
Fig  ure 3 de  picts the gamma pro  duc  tion rate ver  -
sus the depth of the sam  ple for the bi  lat  eral con  fig  u  ra  -
tion.  Two  collimator  ma te ri als  (bo rated  poly eth yl ene
and graph  ite) and two collimator shapes (py  ram  i  dal
and  rect an gu lar)  are  con sid ered.
It seems that the graph  ite is the best choice for
the collimator ma  te  rial be  cause of the very good uni  -
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Ta  ble 4. Ef  fect of collimator ma  te  rial and ahape in bilat  eral con  fig  u  ra  tion for 
241Am-Be source
Collimator
shape
Collimator
material
Uniformity
Specific absorbed
dose rate
[pGyh–1Bq–1
Specific ambient
dose equivalent rate
[pSvh–1Bq–1]
Fth ×10–5
[cm–2s–1]
Fth
T H
×10
6 –
[cm–2s–1/pSvh–1Bq–1]
U R Dn Dg Hn Hg
Pyramidal
CH2-B
CH2
C
D2O
1.002
1.008
1.002
0.013
1.190
1.418
1.185
1.533
2.75
2.72
3.47
2.91
1.29
1.64
1.83
1.86
32.23
32.36
43.59
36.23
1.36
1.71
1.91
1.94
5.79
6.71
11.22
10.88
1.72
1.97
2.47
2.85
Rectangular
CH2-B
CH2
C
D2O
1.003
1.017
1.004
1.023
1.251
1.648
1.240
1.785
2.92
2.88
4.19
3.14
1.56
2.05
2.21
2.26
35.75
36.10
55.23
41.67
1.65
2.15
2.31
2.36
8.33
10.14
15.41
15.41
2.23
2.65
2.68
3.50for  mity (in the py  ram  i  dal shape, the best one) and the
high ther mal neu tron flux to dose ra tio. The py ram i dal
form shows the better uni  for  mity, but with a lit  tle risk
in uni  for  mity the rect  an  gu  lar shape can de  crease the
scan time due to higher ther  mal neu  tron flux and the
ra  tio of it to the dose. So, the bi  lat  eral py  ram  i  dal
collimator shape with graph ite as a collimator ma te rial
and 241Am-Be as a neu  tron source is sug  gested for an
IVNAA fa  cil  ity, es  pe  cially in to  tal body count  ing.
This sit u a tion with the rect an gu lar shape has a lit tle de -
cline in uni  for  mity (about 0.2% in U) with about 9%
in  cre  ment in the ther  mal neu  tron flux to dose ra  tio.
CON CLU SIONS
This pa  per stud  ies the ef  fects of the neu  tron
source type and collimator ma  te  rial and shape on the
uni for mity  of  the  ac ti va tion  rate  dis tri bu tion  with
depth in a large bi  o  log  i  cal sam  ple. The dose cal  cu  la  -
tions are also per formed for the spe cific ab sorbed dose
rate and the spe  cific am  bi  ent dose equiv  a  lent rate.
The 241Am-Be neu  tron source, due to its wide
fast neu tron spec trum, is rec om mended to im prove the
uni for mity.  Bo rated  poly eth yl ene  as  a  collimator  ma -
te  rial pres  ents the best uni  for  mity (the least U) in all
sit u a tions.  The  py ram i dal  collimator  shape  has  better
re sults of uni for mity (U and R) in com par i son with the
rect  an  gu  lar form, in all cases. Uni  lat  eral forms do not
show ac  cept  able uni  form curves of the ac  ti  va  tion rate
with depth, so this form is not sug  gested, par  tic  u  larly
for to  tal body scan  ning. Ev  i  dently, the bi  lat  eral form,
as ex  pected, gets de  sir  able U val  ues for bo  rated poly  -
eth yl ene  and  graph ite  collimator  ma te ri als.  The  bi lat -
eral shape is nec  es  sary for to  tal body scans. In the bi  -
lat eral shape, graph ite as a collimator ma te rial pres ents 
the uni  for  mity as good as bo  rated poly  eth  yl  ene, while
the ther  mal neu  tron flux and its ra  tio to the spe  cific
am  bi  ent dose equiv  a  lent rate are higher for graph  ite.
So, the graph  ite is se  lected as the collimator ma  te  rial.
Be tween  the  py ram i dal  and  rect an gu lar  forms  with
graph  ite collimator ma  te  rial, one can choose the rect  -
an gu lar shape with the ac cep tance of about 0.2% de te -
ri o ra tion  in  U in  stead of 9% in  cre  ment in the ther  mal
neu  tron flux to dose ra  tio.
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Ha{em Miri HAKIMABAD, Lale Rafat MOTAVALI
POBOQ[AWE  UNIFORMNOSTI  RASPODELE  PROIZVEDENOG
GAMA  ZRA^EWA  PO  DUBINI  VELIKOG  BIOLO[KOG  UZORKA
U  IVNAA  POSTROJEWU
U radu su opisane projektne studije koje se odnose na trenutno gama zra~ewe u postrojewu za
in vivo neutronsku aktivacionu analizu. Projektovawe se zasnivalo na 252Cf i 241Am-Be neutronskim
izvorima i na ~etiri kolimatorska materijala: polietilenu, polietilenu natopqenom 5% bornom
kiselinom, grafitu i te{koj vodi; tako|e, na piramidalnom i rektangularnom obliku kolimatora u
unilateralnoj i bilateralnoj konfiguraciji. Ciq rada je bio da se poboq{a uniformnost
raspodele intenziteta proizvedenog gama zra~ewa po dubini velikog biolo{kog uzorka. Kao uzorak,
simuliran je vodeni fantom dimenzije 32 cm ´ 16 cm ´ 100 cm. Simulacija je obavqena MCNPX 2.4.0
Monte Karlo kodom. Prou~avawe je preporu~ilo IVNAA postrojewe sa trenutnim gama zra~ewem,
bilateralne konfiguracije sa grafitnim kolimatorom i 241Am-Be neutronskim izvorom.
Kqu~ne re~i:  proizvodwa gama zra~ewa, vodeni fantom, MCNPX kod, aktivaciona analiza